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We report quantum oscillation data on the metallic triangular antiferromagnet PdCr02. We find 
that, to very high accuracy, the observed frequencies of PdCr02 can be reproduced by reconstruction 
of the (nonmagnetic) PdCo02 Fermi surface into a reduced zone. The reduced zone corresponds 
to a magnetic cell containing six chromium sites, giving a \/3 x \/3 in-plane reconstruction, and 
x2 interplane reconstruction. The interplane ordering represents a reduction in lattice symmetry, 
possibly to monoclinic, and an associated lattice distortion is expected. In addition, we report 
a magnetic transition under an applied in-plane field that is probably equivalent to the spin-flop 
transition reported for CuCr02, and present data on its field-angle dependence. We also report 
measurements of the resistivity of PdCr02 up to 500 K. 

PACS numbers: 


Magnetic ions coordinated on a triangular lattice of¬ 
ten yield interesting magnetic properties. A prominent 
example is the insulating Cr02 sheet, stabilised in ma¬ 
terials like LiCr02 and PdCr02. In these compounds, 
the Cr formal charge is -1-3, and its configuration is icP. 
The crystal field at the Cr sites is nearly octahedral, in¬ 
ducing a gap between the quasi-t2g d^z, and dyz) 

and quasi-Cg {d 3 z 2_^2 and dj; 2 _y 2 ) bands. The quasi-t2g 
levels are therefore half-filled, and the Cr02 sheet is a 
Mott insulator: strong Hund’s rule coupling aligns the 
spins on each Cr site, giving a total spin on each Cr site 
of nearly 3/2. The Cr02 sheet is a Heisenberg system, 
that orders at low temperatures into the 120° triangular 
Neel phase. 

Of materials containing such a Cr02 sheet, AgCr02, 
CuCr02, and PdCr02 have the delafossite crystal struc¬ 
ture, while LiCr02, NaCr02, and KCr02 have the 
closely-related ordered rock salt structure. All of these 
systems show 120° order, with the Neel temperature de¬ 
pending strongly on the Cr-Cr spacing. The ordered rock 
salt structure gives substantially smaller interplane spac- 
ings than the delafossite structure, and somewhat higher 
Neel temperatures. [T] 

The interlayer order is a more subtle problem than 
the intralayer order: in all of these systems the Cr 
sheets are stacked rhombohedrally, so the molecular fields 
from first- and second-neighbouring layers cancel. How¬ 
ever the interlayer order has observable consequences: 
AgCr02 and CuCr02 show spin-driven ferroelectricity, 
while NaCr02 and LiCr02 do not. [2] AgCr02 and 


CuCr02 have the delafossite structure and NaCr02 and 
LiCr02 the ordered rock salt structure, but the more es¬ 
sential difference appears to be the interlayer order: in 
AgCr02 d] and CuCr02 [H [5] , the interlayer ordering is 
ferroic, in that the vector chirality, the rotational sense of 
the spin helices that comprise the 120° phase, is the same 
in all layers. In LiCr02, in contrast, neutron scatter¬ 
ing data suggest that the vector chirality alternates from 
layer to layer [5], while the interplane order of NaCr02 
is not clear. [7] 

This paper focuses on PdCr02. The Neel temperature 
of PdCr02 is T^r = 37.5 K, and, like LiCr02, the vector 
chirality probably alternates from layer to layer, mm 
so this feature is not restricted to the ordered rock salt 
structure. 

Whereas the other compounds discussed above are in¬ 
sulators, PdCr02 is a metal, due to 4fi/5s conduction 
in the Pd sheets. The isostructural, nonmagnetic com¬ 
pound PdCo02 also has these Pd sheets, and its car¬ 
rier mobility was found to exceed that of copper. m 
PdCr02 therefore is an interesting system, comprised of 
highly-conducting sheets interleaved with Mott insulat¬ 
ing spacer layers. It would be interesting to determine 
whether the metallic Pd conduction has any effect on the 
magnetic order. 

What is certainly true is that the Pd conduction can 
be used as a probe of the magnetic order. Quantum oscil¬ 
lation [9] and angle-resolved photoemission spectroscopy 
(ARPES) [ini HI] studies have shown that the PdCr02 
Fermi surfaces result from reconstruction of the PdCo02 
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Fermi surface into the magnetic zone. Observation of 
an unconventional anomalous Hall effect in PdCr 02 in¬ 
dicates further that the Cr spins are not co-planar. [12] 

In this paper we present measurements of quantum 
oscillations in PdCr 02 , and confirm the overall frequen¬ 
cies reported in Ref. [S] . We add greater resolution and a 
careful comparison with the nonmagnetic PdCo 02 Fermi 
surface: we show that reconstruction of the PdCo 02 
Fermi surface reproduces most of the observed oscilla¬ 
tion frequencies to very high accuracy; the PdCr 02 fre¬ 
quencies can be analyzed in detail without recourse to 
density functional theory calculations. We show that the 
magnetic coupling is fc^-dependent: it is much weaker at 
kz = ± 7 r than at kz = 0. Also, the dominant magnetic 
scattering vectors are those corresponding to a 6 -Cr mag¬ 
netic unit cell giving a x 2 interplane reconstruction in 
addition to the -s/S x ^/S in-plane reconstruction. The in¬ 
terplane order represents a reduction in lattice symmetry, 
from RZm (rhombohedral) to, in the highest-symmetry 
case, (72/0 (monoclinic). 

We also report a magnetic transition under applied 
field, at a similar field to a spin flop transition reported in 
CuCr 02 , that was observed in the course of measurement 
of the oscillations. Finally, we present measurements of 
the resistivity of PdCr 02 to high temperatures. 

METHODS 

Single crystals of PdCr 02 were grown by a NaCl flux 
method, using PdCr 02 powder synthesized via a solid- 
state reaction. m We measured magnetic oscillations in 
two samples of PdCr 02 , by torque magnetometry, using 
the same piezoresistive AFM cantilevers as in our pre¬ 
vious study on PdCo 02 . [13 dS] The cantilevers were 
mounted on rotatable platforms with integrated field an¬ 
gle sensors. 

Sample #1 was roughly 230 x 300 x 11 ^m, and sam¬ 
ple #2 160 X 100 X 15 fj,m. For sample #1 the field was 
rotated about a ( 1000 ) axis (using hexagonal indexing), 
and for sample #2 a ( 1100 ) axis; these axes are illustrated 
at the bottom right of Fig. [^ Some raw data for sam¬ 
ple #1 are shown in Fig. [^ Low-frequency oscillations 
(^800 T for field angle 6 * —>■ 0) dominate the data. At 
0.7 K, these oscillations were discernible at fields as low as 
2 T. At high fields (above ^10 T), the oscillation ampli¬ 
tude was very large, leading to strong torque interaction: 
the oscillations had a triangular form, and strong sum 
and difference frequencies appeared in the Fourier trans¬ 
forms. While torque interaction complicates the analysis 
somewhat, it may be difficult to avoid if the samples are 
to be large enough for higher-frequency oscillations to be 
resolved. 

The oscillation amplitudes were history-dependent. 
Cooling the sample through Tjv in a 15 T field resulted in 
oscillation amplitudes for the a, /3, and 7 orbits roughly 


0 = 37.4° 
iAA/Vn/'-'-^vVVV' 

\yv\ 


0 = 21 . 1 ° 

'WW\A/VN/' 

Vv 

aA/ 

0 = 4.9° 






'4.75 5.00"9.75 10.00"l4.5 15.o' 

5{T) 


FIG. 1: Magnetic oscillations in sample #1 at three field 
angles. The y-scale is the resistance of the piezoresistive sense 
element on the cantilever. 

four times as large as with zero-field cooling. These 
large amplitudes persisted as long as the held was main¬ 
tained. Releasing the held and heating the sample to 
~1 K caused the amplitudes to decrease, and re-applying 
helds up to 15 T did not recover the large amplitudes. 
The system therefore appears to be nonergodic. A pos¬ 
sible origin of glassy behaviour is domain-boundary Cr 
spins: the relatively large magnetic unit cell of PdCr 02 
means that a complex domain structure is likely. 

For measurement of the temperature dependence of the 
oscillation amplitudes, we cooled the sample in a held 
and kept the held above 8 T at all times, to maintain 
large oscillation amplitudes. For measurement of the an¬ 
gle dependence of the frequencies, torque interaction was 
a greater concern, and the sample was cooled through 
Tat in zero held. 

RESULTS: THE OSCILLATIONS 

The oscillation frequencies as a function of held angle 
are shown in Fig. [^ Four sets of intrinsic peaks can be 
identihed, located, at 9 = 0, at around 0.8, 3.5, 10.5, and 

27.4 kT. Following Ref. [3], we label these a, /3, 7 , and S. 
All the frequencies scale broadly as l/cos( 6 (), indicating 
that the Fermi surfaces are highly two-dimensional. 

It has been established that the PdCr 02 orbits result 
from a '/S x -x/S reconstruction of the PdCo 02 Fermi sur¬ 
face, due to the 120° Neel order. PE] This reconstruc¬ 
tion is illustrated in Fig. [^ The a and 7 orbits are fully 
reconstructed orbits, while /3 and S result from magnetic 
breakdown, i.e. the orbits cross gaps in fc-space. 

The cyclotron masses were determined for sample #1 
by Lifshitz-Kosevich hts to the temperature dependence 
of the amplitudes. We analysed the data between 7.5 and 

11.5 T, avoiding higher helds where torque interaction 
was very strong, and verihed that within this range there 
was no systematic variation of the masses with held. 
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FIG. 2 : The observed oscillation frequencies of PdCr 02 , 
multiplied by cos{6), against field angle 6. The field rotation 
axes are shown at bottom right, referenced to the nonmag¬ 
netic zone. The frequencies are from Fourier transformation 
of the data over the range 4.2 to 15 T. Frequencies that are 
clearly sum or difference frequencies are not shown. The in¬ 
dicated amplitudes of the oscillations are the peak-to-peak 
amplitudes of the oscillations in resistance of the sense ele¬ 
ment on the cantilever. The PdCo 02 frequencies are taken 
from the model in Ref. m, and have been scaled by 93.3%. 


The masses obtained for the a, j3, 7 , and 5 orbits are 
0.33±0.01, 0.84±0.01, 1.37±0.02, and (1.55±0.04)me, re¬ 
spectively, the hts are shown in the Appendix. These are 
in good overall agreement with ARPES measurements. 
A Fermi velocity of 4.2 eV-A was measured, by ARPES, 
at the corners of the nonmagnetic Fermi surface, and 
4.9 eV-A at the faces. m If an isotropic Fermi velocity 
of 4.6 eV-A is taken along the perimeters of the a, /3, 
7 , and 6 orbits, masses of 0.34, 0.63, 1.00, and 1.53me 
are obtained, respectively: the cyclotron masses from the 
Lifshitz-Kosevich fits are in very close agreement with the 
ARPES estimates for a and S, and ~35% heavier for f3 
and 7 . [53] 
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FIG. 3: A two-dimensional model of the reconstruction. Top: 
the PdGo 02 Fermi surface in the 2D nonmagnetic zone, and 
magnetic zone arising from a \/3 x \/3 reconstruction. Bot¬ 
tom: reconstruction into the magnetic zone. The fully recon¬ 
structed orbits, a and 7 , are illustrated in the left-hand panel, 
and the breakdown orbits, /3 and 5, in the right-hand panel. 


Also shown in Fig. are the PdCo 02 frequencies from 
the parametrised model in Ref. m, for comparison with 
PdCr 02 . To make the comparison, the PdCo 02 frequen¬ 
cies need to be scaled by the square of the ratio of in-plane 
lattice constants. We found that the best match is ob¬ 
tained with a scaling of 93.3%, which is very close to the 
expected scaling, (2.830 A/2.923 A)^ = 93.7%. [11 [55] 

From the comparison it is apparent that the lower 
branch of the PdCo 02 frequencies, arising from the neck 
orbit (ie. the kz = ± 7 r orbit), is visible in the PdCr 02 
data, while the upper branch, from the belly orbit (kz = 
0), is not. This feature is part of a pattern that extends to 
the other frequencies: the observed breakdown frequen¬ 
cies derive from reconstruction of the nonmagnetic neck 
orbit, while the observed fully-reconstructed frequencies 
derive mainly from the belly orbit. The pattern is illus¬ 
trated in Table I, which shows the observed PdCr 02 fre¬ 
quencies (for 0 —F 0 ) and the expected frequencies based 
on reconstruction of the PdCo 02 neck and belly orbits: 
the neck reconstruction yields the observed /3 and <5 fre¬ 
quencies, and the belly reconstruction 03 and 7 . (The 
a frequencies comprise three sub-bands, oi, 0 : 2 , and 03 ; 
we will discuss this in more detail below.) 

What this pattern means is that the belly orbit sees the 
magnetic order more strongly than the neck orbit. This is 
not surprising: the Cr sites are midway between the Pd 
sheets (which dominate conduction), and the kz = ± 7 r 
Bloch states have zero weight at the planes of the Cr 
nuclei. 

Overall, then, a two-dimensional -s/S x y/S reconstruc¬ 
tion of the PdCo 02 frequencies, where the reconstruc¬ 
tion is weak at kz = ±7r, gives a good description of 
the PdCr 02 frequencies at 0 = 0. We now test the re- 
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observed frequencies (kT): 

0.87 

3.45 

10.52 

27.40 

calc’d kz 

= 0 freq’s (kT): 

0.91 

3.92 

10.50 

28.60 

calc’d kz 

= TT freq’s (kT): 

0.69 

3.36 

11.27 

27.40 


TABLE I: Observed frequencies at 0 = 0, and expected fre¬ 
quencies from two-dimensional -\/3 x y/Z reconstruction of the 
PdCo02 kz = 0 and = ±7r orbits. Boldface indicates a bet¬ 
ter match to observations. In the calculations, the PdCo02 
frequencies are scaled by 93.3%, and avoided crossings at band 
crossings are neglected apart from their effect on Fermi sur¬ 
face topology. 



FIG. 4: Left: a possible magnetic cell for PdCr02, that 
contains 6 Cr sites. The Cr sites are colored black, gray, and 
white to indicate the three spin directions of each layer. Right: 
the nonmagnetic first Brillouin zone (black), together with 
the PdCo02 Fermi surface and the 6-site zone, into which the 
nonmagnetic Fermi surface is reconstructed. 

construction at other field angles by performing the full 
three-dimensional reconstruction. 

We first need a three-dimensional magnetic cell. It 
must contain at least six Cr sites: three per layer to cap¬ 
ture the 120° Neel order, and two layers to capture the 
alternating vector chirality. The cell we test is shown in 
Fig. El [30] The Cr sites are stacked rhombohedrally, so 
at Tjv there are three equivalent choices for the interplane 
ordering vector. In choosing one of them the lattice sym¬ 
metry is reduced. The space group of the nonmagnetic 
lattice is R3m. The highest-symmetry possible magnetic 
lattice has space group C2/c (base-centered monoclinic): 
reflection about the glide plane indicated in Fig. re¬ 
verses the vector chirality within each layer, and trans¬ 
lation along the interplane ordering vector restores the 
original lattice. m Magnetostructural coupling should 
lead to a lattice distortion associated with the reduction 
in symmetry, and it is possible that more subtle features 
in the magnetic order reduce the symmetry further. 

The reconstruction is performed as described in text¬ 
books: sections of the nonmagnetic Fermi surface are 
translated by combinations of reciprocal lattice vectors of 
the reduced zone until all portions of the original surface 
are represented within the reduced zone. For our non¬ 
magnetic surface, we take the parametrised model for the 



FIG. 5: Red circles: calculated frequencies based on re- 
constrnction of the PdCo02 Fermi surface into the magnetic 
zone shown in Fig. The upper and lower panels show the 
7 and a frequencies, respectively. In the lower panel, the di¬ 
ameter of the symbols is proportional to the logarithm of the 
expected oscillation amplitude, based solely on the curvature 
of the Fermi surfaces. Gray circles: the frequencies observed 
in sample #1, with the diameter of the symbols proportional 
to the logarithm of the amplitude. 


PdCo 02 Fermi surface that was determined in Ref. m- 
We do not include finite avoided crossings in our calcu¬ 
lation, although the topology of the reconstructed Fermi 
surfaces is determined by the orientations of the avoided 
crossings that would occur in the real system. Further 
details of the calculation are given in the appendix. Our 
results are shown in Fig. together with the observed 
frequencies. 

There are two 7 bands. The lower band, 71 , derives 
from reconstruction of the belly orbit, and 72 the neck 
orbit. 72 is not observed in the data because the magnetic 
coupling is weak for the neck orbit. 

Three a bands appear in the data. [32] The lower and 
upper bands, ai and 0:3, are reproduced well by the cal¬ 
culation. aa is from the nonmagnetic belly orbit and ai 
the neck orbit, so ai has a much lower amplitude in the 
data. The middle band, 0 : 2 , is not reproduced in the 
calculations. It could be a breakdown orbit. There are 
prominent breakdown orbits in the data (/3 and (5), and 
the X 2 interplane reconstruction could lead to breakdown 
orbits that mix segments from the original neck and belly 
orbits. 

For this calculation we supposed that the system chose 
the interplane ordering vector that aligned the plane of 
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(possible) glide symmetry with the field rotation plane. 
The other two possibilities would lead to the glide and ro¬ 
tation planes being separated by 120°. We also calculated 
this possibility, with the result shown in the Appendix. 
The match to the data is reasonable but not as good, 
so it appears that either the glide and rotation planes 
were aligned by chance, or the fields applied during the 
measurement re-oriented the magnetic reconstruction. 

We also show in the Appendix results for a strictly 
two-dimensional reconstruction, that would preserve the 
Rim symmetry of the nonmagnetic lattice. The results 
do not match the data well, and we conclude that the 
dominant magnetic scattering vectors are those of the 
magnetic cell shown in Fig.|^ 

SPIN FLOP TRANSITION 

In addition to quantum oscillations, a large-scale fea¬ 
ture appeared during the torque magnetometry measure¬ 
ments on sample ^1: a first-order magnetic transition. 
It occurs at a field of around 6.5 T for 9 = 90° (ie. the 
field applied in the plane). On the high-held side of the 
transition the sample has a much larger c-axis magnetic 
moment than on the low-held side. Fig. shows the set 
of torque curves obtained in this study, divided by the 
applied held to yield M_\_, the magnetisation perpendicu¬ 
lar to the applied held, and smoothed so as to exclude the 
oscillations and show the broad-scale features. The tran¬ 
sition and its hysteresis are readily apparent, at 0 ~ 90°. 
It appeared for sample #1 but not #2, so it is sensitive 
to the direction of the applied held. 

Over a small angle range, quantum oscillations were 
visible both below and above the transition; the Fourier 
transforms are shown in the Appendix. At each angle 
within this range, the oscillations have a lower ampli¬ 
tude on the high-held side of the transition than on the 
low-held side, and the dominant peak shifts to a slightly 
higher frequency. That the transition affects the oscil¬ 
lations in a consistent manner shows that it is a bulk 
property. 

This transition is at a similar held to a spin-hop tran¬ 
sition reported for CuCr02, [H] 5.3 T for tempera¬ 
tures well below Tat, and probably has the same ori¬ 
gin. In CuCr02, it has been found by single-crystal neu¬ 
tron diffraction that the spins lie in a (0001) — (1100) 
plane. [3 [23l [24] The transition occurs when the held is 
applied in a (lIOO) direction, but there is no transition for 
helds applied in a (1000) direction. It has been shown by 
symmetry arguments |22j and by direct observation |23j 
that the transition is a spin hop, where the spin plane 
rotates by 90°. 

For PdCr02, although observation of an unconven¬ 
tional anomalous Hall effect shows that the spins are not 
co-planar, neutron scattering data show that the spins 
lie approximately in a (0001) — (1100) plane, similar to 



FIG. 6: Perpendicular magnetisation against applied field 
at 0.7 K, for sample #1, where the field was rotated in a 
(OOOl)-(llOO) plane. Each curve is offset by the field angle 
6\ the offsets are indicated by the thin horizontal lines at the 
left and the angle scale is on the right. The solid lines show 
downward field sweeps, the dashed lines upward. 

CuCr02. Furthermore, and also as in CuCr02, the tran¬ 
sition occurs when the field is applied in a (1100) direc¬ 
tion (sample #1), but not in a (1000) direction (#2). 
Therefore the transition is probably the same spin flop. 


RESISTIVITY 

PdCo 02 has been used as a nonmagnetic analogue of 
PdCr 02 in order to extract the magnetic contribution 
to the specific heat and electrical resistivity. [HKTH] We 
have shown here that it is a very good comparison: the 
PdCr02 Fermi surfaces are, to high precision, a recon¬ 
struction of the PdCo02 Fermi surface, and the cyclotron 
masses match closely: (1.55 ± 0.04)me for the 5 orbit of 
PdCr02, against 1.45 ± 0.05me for the (equivalent) neck 
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FIG. 7: The resistivity of PdCr02 against temperature, for 
two samples. Sample A had two pairs of voltage contacts. 
The point at 295 K, with error bars, indicates the room- 
temperature resistivity: 8.2 ± 1.0 /ifl-cm. Data on a PdCo02 
sample are also shown, scaled to the room-temperature re¬ 
sistivity determined in Ref. m- 2.6 ±0.2 /rfl-cm. Bottom 
panel: dp/dT for sample A. 

orbit of PdCo02. [H] The in-plane resistivity of PdCo02 
is substantially non-linear between ~100 and 500 K, a 
feature attributed to prominent optical phonons. |25j The 
resistivity of PtCo02 also shows this feature. [26] We in¬ 
clude in this paper data on the resistivity of PdCr 02 up 
to 500 K, in order to extend the comparison reported in 
Ref. [131 to higher temperatures and to see whether the 
same feature appears in PdCr 02 . 

All samples for resistivity measurement were cut with 
a wire saw into bars of nearly constant width and thick¬ 
ness, and with length-to-width ratios of ^10, to reduce 
geometrical uncertainties in conversion of resistance to 
resistivity. Our data are plotted in Fig. We measured 
one PdCo02 and two PdCr02 samples, labelled A and 
B; sample A had two pairs of voltage contacts, so in total 
three PdCr02 curves were recorded. Averaging the three 
measurements, the room temperature (295 K) resistivity 
of PdCr 02 was found to be 8.2 ±1.0 ^fl-cm, where the 
uncertainty is from uncertainty in the sample dimensions. 
This is in good agreement with that reported in Ref. [T3j 
(9.4 /rfl-cm). 

The form of the resistivity of PdCr02 is well- 
established. There is a sharp cusp at Tjv, and above Tjv 
the magnetic component of the resistivity, pm, remains 
well below its saturation value due to short-range cor¬ 
relation. The increase and eventual saturation of pm as 
the temperature increases leads to a convex temperature 
dependence of the resistivity. 

The in-plane resistivity of PdCr02, in contrast to 
PdCo 02 and PtCo 02 , is essentially linear from ~200 to 
at least 500 K. It may be that the temperature depen¬ 


dence of Pm obscures an optical phonon contribution, pm 
is expected to saturate when the Cr spins become com¬ 
pletely uncorrelated. If pm is estimated by subtracting 
the resistivity of PdCo 02 from that of PdCr 02 , then 
our data indicate that pm continues to increase at tem¬ 
peratures well above room temperature, i.e. pm con¬ 
tinues to evolve to temperatures an order of magnitude 
greater than T^. The Weiss temperature of PdCr02 is 
~-500 K, [TH] so correlations between the Cr spins are 
expected to persist to temperatures up to ^500 K, and 
a high saturation temperature of pm may be expected. 

DISCUSSION AND CONCLUSION 

The quantum oscillation frequencies indicate that the 
dominant magnetic scattering vectors are those of a six- 
site magnetic cell with lower symmetry than the nonmag¬ 
netic lattice. An associated lattice distortion is expected 
to onset at Tat. It has been looked for by both neutron 
and X-ray diffraction, and not found, [1] so any distortion 
must be small. 

The distortion, if it occurs, should resemble that ob¬ 
served in CuCr 02 ; m there is also evidence for a lattice 
distortion in AgCr02. [2T| In CuCr02, the vector chi¬ 
rality is the same in each layer and the magnetic cell 
contains three sites. [IIIIS] The magnetic transition is 
split into two, |20] which is expected for easy-axis-type 
120° antiferromagnetism: spins first order along the easy 
axis, then, at a lower temperature, along an in-plane axis. 
Ultrasound velocity measurements show that the lattice 
distortion starts at the upper transition, with no appar¬ 
ent anomaly at the lower transition. |20j . 

The transition of PdCr02 may also be split, although 
if so the splitting is very small and not generally ob¬ 
served in experiment. [1] Either way, the magnetic order 
implies two separate reductions in symmetry from R3m: 
the choice of interplane ordering vector at the (possible) 
upper transition, and the choice of spin plane at the lower 
transition (where, again, in PdCr 02 the spins are only 
approximately co-planar). The two symmetry reductions 
are likely to couple. The ultrasound data on CuCr02 
suggest that in that system it is the interplane ordering 
vector that more strongly drives the distortion. 

The angle dependence of the spin-flop transition in 
PdCr 02 is interesting: the transition field appears to 
vary smoothly from ~15 T on one side of the plane (at 
6 ^ ±55°) to nearly zero on the other (at 9 ^ —55°). At 
B = 0, however, the field angle is a meaningless parame¬ 
ter, so if there is in fact an endpoint near B = 0 then the 
high- and low-field states are adiabatically connected to 
each other. Whether this is true and how it might occur 
for a 90° spin flop requires further investigation. 

In summary, PdCr02 is an interesting system com¬ 
prised of alternating highly-conductive sheets and Mott- 
insulating spacer layers. It provides a good model for 
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study of the interaction between metallic conduction 
and antiferromagnetic order: the conduction is well- 
characterized, arising from a single, open Fermi surface, 
and much is known about the magnetic order. Also, there 
are related compounds that permit precise comparisons, 
such as the nonmagnetic PdCo02, and other Cr02-based 
delafossite and ordered rock salt materials. Several av¬ 
enues of inquiry remain open. 
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APPENDIX 

In the Appendix we first present some supplementary 
data, and then give further details on the calculation of 
the reconstruction. 



Fig .[^shows the Lifshitz-Kosevich fits to the oscillation 
amplitudes determined over the field range 8 .5-9.5 T. 
Four such fits were done, over 1 T field ranges starting 
at 7.5, 8.5, 9.5, and 10.5 T. The masses reported in the 
main text are the averages of the masses obtained from 
these fits. 

Fig.0 shows the Fourier transforms of the oscillations 
above and below the putative spin-flop transition, for the 
narrow angle range over which oscillations were observed 
on both sides of the transition. On the high-held side 
of the transition, the oscillations have lower amplitudes 
and the main peak a higher frequency. (The reduction 
in amplitude may not be immediately apparent in the 
hgure, but normally quantum oscillation amplitudes grow 
rapidly as the held is increased, and the reduction in 
amplitude is very clear in the raw data.) 

We now give further details on the reconstruction. The 
hrst step is to determine the misalignment, if any, be¬ 
tween the sample and the held angle sensor mounted on 
the rotator platform. This misalignment is determined, 
for sample ^1, by comparison of the observed S frequen¬ 
cies and the scaled PdCo 02 frequencies, shown in Fig. 
The best match is obtained when a 0.3 ± 0.2° offset is 
added to the measured held angle. This is our misalign¬ 
ment, and correction for it is incorporated into all plots 
of sample #1 frequencies presented in this paper. 

We take the nonmagnetic Fermi surface to be the 
parametrised PdCo 02 Fermi surface that was determined 
in Ref. |15j . The parameters specifying the Fermi surface 
are the radius of a circular, cylindrical base Fermi sur¬ 
face, fcoo, and then the amplitudes of the corrugations 
on this base, fcgg, for example, is the amplitude of the 
hexagonal distortion, fegi sets the difference between the 
radii of the neck and belly orbits. A thorough description 
of this system of parametrization is given in Ref. m- 

We allow three parameters to be adjusted, within small 
ranges that are consistent with experiment, to match the 
overall levels of the observed PdCr 02 frequencies. We 
emphasize that this adjustment only tunes the overall 



FIG. 8: Lifshitz-Kosevich fits to the amplitudes determined 
over the held range 8.5-9.5 T. 
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FIG. 9: Fourier transforms of the oscillations below (thin 
lines) and above (thick lines) the magnetic transition, which 
at the angles in this hgure occurs at B ~ 10 T. 


levels, and does not substantially alter any of the sub¬ 
structure. These parameters are: (1) The overall size 
of the Fermi surface (/cgo), (2) The magnitude of the 
hexagonal distortion (fcgo), and (3) the in-plane lattice 
constant, a. The fc^-dependent Fermi surface corruga¬ 
tions (fcoij ko 2 , and fcgi) are left fixed at the amplitudes 
found for PdCo 02 . When fcgo is adjusted, the higher- 
order amplitudes /ci 2 ,o and /cig.o are adjusted by hand in 
response, to smooth the faces and sharpen the corners 
of the Fermi surface so as to match the Fermi surfaces 
observed by ARPES. [TUlITT] 

The best match is found with /cqo = 0.9219 A“^, 
keo = 0.036 A“^, and a = 2.927 A. Further refine¬ 
ment (for example by allowing a low-temperature lat¬ 
tice distortion, or modification of the fcz-dependent cor¬ 
rugations, or finite avoided crossings) might yield slightly 
different results— the obtained lattice parameter, for ex¬ 
ample, is not precisely in line with expectations, as it 
has been measured to be 2.923 A at room temperature 
and some thermal contraction is expected. [T] But these 
fitting parameters are within bounds permitted by exper¬ 
iment and are adequate to model the angle dependence. 

In addition to the reconstruction shown in the main 
text, we tested two further possibilities. The first is the 
same reconstruction but with the other possible orien¬ 
tation relative to the field rotation plane, that the glide 
plane is rotated from the field rotation plane by 120 °. 
The second tests a hypothetical magnetic zone with ver¬ 
tical side walls, that would preserve the R3m symmetry 
of the nonmagnetic lattice. The results are shown in 

Fig.[T0l 

The rotated reconstruction, shown in the left-hand 
panels in Fig. [T^ gives a reasonable match to the data, 
but not as good as with the glide and rotation planes 
aligned: it yields the wrong sign on the slope of against 
6, and too low an amplitude on the substructure of the 
7 i frequencies. The Rim reconstruction gives a worse 
match: although it reproduces the ai and 0:3 frequen¬ 
cies reasonably well, it does not reproduce the structure 
on 7 i at all. Therefore, we conclude that the magnetic 
reconstruction illustrated in Figs. and is the correct 
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FIG. 10: Oscillation frequency against field angle for two 
further possibilities for the magnetic reconstruction, discussed 
in the text. 


one. 












